Cells of Rhodospirillum rubrum were grown photoorganotrophically and chemoorganotrophically and then starved for organic carbon and combined nitrogen under four conditions: anaerobically in the light and dark and aerobically in the light and dark. Illumination prolonged viability and suppressed the net degradation of cell material of phototrophically grown cells, but had no effect on chemotrophically grown cells that did not contain bacteriochlorophyll. The halflife survival times of carbohydrate-rich phototrophically grown cells during starvation anaerobically or aerobically in the light were 17 and 14.5 days, respectively. The values for starvation aerobically and anaerobically in the dark were 3 and 0.5 days, respectively. Chemotrophically grown cells had half-life survival times of 3 and 4 days during starvation aerobically in the light and dark, respectively, and 0.8 day during starvation anaerobically in the light or dark. Of all cell constituents examined, carbohydrate was most extensively degraded during starvation, although the rate of degradation was slowest for phototrophically grown cells starved anaerobically in the light. Phototrophically grown cells containing polyBi-hydroxybutyrate as carbon reserve were less able to survive starvation anaerobically in the light than were carbohydrate-rich cells starved under comparable conditions. Light intensity had a significant effect on viability of phototrophically grown cells starving anaerobically. At light intensities of 320 to 650 lx, the halflife survival times were 17 to 24 days. At 2,950 to 10,500 lx, the survival times decreased to 1.5 to 5.5 days. The kinetics of cell death correlated well with the rate of loss of cell mass of starving cells. However, the cause of death could not be attributed to degradation of any specific cell component.
lized. Intracellular amino acid pools are quickly depleted, and incompletely digested products of RNA, protein, and amino acid degradation may be released into the suspending fluids.
There is a wide variation in the ability of bacteria to survive the stress of starvation (2) . However, a direct correlation seems to exist between the rates of endogenous metabolism and death rates of cells in suspension. Boylen and Ensign (1, 2) attributed the longevity of starving Arthrobacter crystallopoietes (extrapolated half-life = 120 days) in part to the extremely low basal rate of endogenous metabolism of cells (0.03% cell carbon respired per h).
A similar inference was made by Robertson and Batt (23) for starving suspensions of Nocardia corallina (half-life = 20 days). Conversely, Hespell et al. (11) correlated the rapid death of starving cells of Bdellovibrio bacteriovorus (half-life = 10 h) with their high rate of endogenous respiration (3% cell carbon respired per h during the first 6 h of starvation). Although many investigations have been made of starvation survival of chemotrophic bacteria, few such studies have been made of phototrophic bacteria. We began this study of the nutritionally diverse phototrophic bacterium Rhodospirillum rubrum to determine its response to starvation under a variety of conditions. We particularly wished to examine the source of maintenance energy during starvation of cells in the light and dark. The energy of maintenance of chemotrophic bacteria has been estimated under conditions where the organisms are starving or where growth is limited by an organic substrate (9, (16) (17) (18) 20) . Such measurements are complicated, however, by the energy source (endogenous or exogenous) serving the demands for both cell carbon and energy of maintenance (9) . By contrast, a phototrophically grown organism Anaerobic conditions were obtained by bubbling Ar (99.99% purity) through the starvation tubes. Compressed air was used for starvations under aerobic conditions. The gases were passed first through a sterile cotton filter and then through sterile distilled water of 30°C before entering the starvation tubes. The flow rate of the gases was about 500 ml/min per tube.
Sampling and assay procedures. Samples of approximately 28 ml were periodically removed from starvation tubes with sterile pipettes. A portion of the cell suspension was diluted to 10-5 with LHY medium, and 0.1-ml amounts were spread on each of five plates of LHY medium solidified with 1.5% agar. The plates were incubated aerobically at 30°C in the dark for 7 days, after which viable cell counts were determined. No increase in the number of colonies was observed after 7 days of more incubation. Microscopic examination of the starving-cell suspensions revealed no cell clumping.
A 3.0-ml sample was used for turbidity measurement and for determination of bacteriochlorophyll (Bchl). The method of Cohen-Bazire et al. (4) was used for Bchl extraction except that a 3.0-ml volume of acetone-methanol (7:2, vol/vol) was used. The amount of Bchl in the extract was estimated spectrophotometrically by using an extinction coefficient of 75 mM-' cm' at 770 nm in acetone-methanol (3). . Exactly 25.0 ml of the cell suspension was centrifuged at 12,000 x g for 10 min at 5°C. The supernatant fluid was then aspirated and filtered through a cellulose ester disk (0.45-,um average pore diameter; Millipore Corp., Bedford, Mass.), and its absorbance at 260 and 280 nm was determined. These measurements were used as an index of leakage of intracellular materials from the starving cells.
The cell pellet was resuspended in distilled water to a final volume of 5.0 ml. A 1.0-ml sample of the concentrated cell suspension was used to determine cellular carbohydrate by the anthrone method (24) or to assay for PHB content (10) . Glucose and crotonic acid were used as standards, respectively. The protein of a 0.3-ml sample of the concentrated cell suspension was determined by using the Folin phenol reagent after hydrolysis of cells with NaOH (10), using egg white lysozyme or bovine serum albumin as standard.
To 3.5 ml of concentrated cell suspension was added 0.5 ml of 2 N HC1O4. After incubation at 2°C for 30 min, the suspension was centrifuged at 12,000 x g for 10 min at 5°C. The supernatant fluid was removed and discarded. The cell pellet was suspended in 3.0 ml of 0.67 N HC1O4 and incubated at 70°C for 15 min. After centrifugation, the supernatant fluid was assayed for RNA and DNA content by the orcinol and diphenylanine methods, respectively (10 These values were almost identical to those obtained for cells starved at low light intensity for 1.5 days when the cells remained 100% viable (see below).
These data suggested that the lethal effect of high light intensities might be due to something other than starvation stress. Since optimum survival was observed at 320 to 650 lx, light intensities in this range were used for subsequent starvation experiments involving illuminated cells so that the results would reflect the response of cells to starvation stress without being influenced by the deleterious effects of highintensity illumination.
Effects of starvation on viability and macromolecule content ofphototrophically grown celis. Organisms grown phototrophically with lactate (LLY medium) were subjected to starvation under four experimental conditions: anaerobically in the light and dark and aerobically in the light and dark. Illumination markedly prolonged the viability ofcells starving both under aerobic and anaerobic conditions (Fig. 2) . Cells starved in the light remained 100% viable for 8 days, after which the viabilities declined to 50% at 17 and 14.5 days. By contrast, cells starving in the dark had viability half-lives of only 0.5 (anaerobically) or 3 (aerobically) days.
Carbohydrate accounted for 18.3% of the dry weight of LLY-grown cells (Table 2 ) and was extensively degraded during starvation (Fig. 3) . Under either aerobic or anaerobic conditions, illumination suppressed the net rate of degradation of carbohydrate. About 80% of the initial cellular carbohydrate was ultimately degraded by all cell suspensions. The remaining 20% of anthrone-reactive material may represent cell wall hexose not degraded during starvation.
Protein and RNA were not extensively degraded in the starving cells (Fig. 4) 19 to 20% during the initial 1 to 2 days of starvation (data not shown). This increase was probably due to completion of rounds of DNA replication that had been initiated before starvation was begun. An initial increase in DNA during starvation was also reported for Arthrobacter crystallopoietes (1) and Aerobacter aerogenes (27) . By contrast, the DNA content of cells starving anaerobically in the dark decreased rapidly, nearly half being lost after 5 days of starvation. Most of this degradation occurred after 99% of the cells were dead.
The Bchl content of anaerobic-light-and aerobic-light-and -dark-starved cells decreased slowly (data not shown). Approximately 5 to 10% of the initial contents of Bchl had been depleted after 3 to 4 weeks of starvation. The rate of Bchl decrease was much greater in anaerobic-dark-starved cells; 2% was lost after 1 day and 12% after 4 days of starvation. The cell mass, estimated by absorbance measurements of cell suspensions, decreased in parallel to the losses of macromolecules (Fig. 5) .
Phase As shown in Fig. 6 , the numbers of viable cells increased by 10% during the first day of starvation anaerobically in the light and then decreased rapidly for the next 4 to 5 days. Death then continued at a slower rate. The cells degraded PHB rapidly for 6 days and then more slowly. The half-life survival time of 9 days compares with 24 days for LLY-grown cells starving anaerobically at the same light intensity (Fig. 1) .
The net rate and extent of RNA and protein degradation were nearly the same as those for LLY-grown cells starved anaerobically in the light (see Fig. 4 ). The DNA content of the cells remained constant, whereas the Bchl content declined by 9% during 24 days of starvation.
Effect of starvation on viability and macromolecular content of chemotrophically grown cells. The composition of chemotrophically grown cells was similar to that of cells grown phototrophically in LLY medium except that the former were devoid of Bchl (Table 2) . Cells starved anaerobically in the light or dark died very rapidly, the half-life survival time being less than 1 day (Fig. 7) . Cells starved aerobically survived longer: 3.2-day half-life for those in the light and 4.2 days for those in the dark. No Bchl was formed by the cells during any of the starvation conditions. The slightly decreased viability of cells starved aerobically in light compared with dark could be due to lethal photooxidations, perhaps resulting from the absence of protecting carotenoid pigments (14) .
Carbohydrate, accounting for 17% of the dry weight of the growing cells (Table 2) , was degraded rapidly during starvation (Fig. 8) . The initial rates were greater in aerobically starved cells. Degradation of carbohydrate ceased after approximately 85% of the initial content had been depleted. Relatively little net protein degradation occurred during starvation, and illumination had no significant effect on net protein degradation by either aerobic or anaerobic cell suspensions (Fig. 9) .
Cells starved anaerobically degraded RNA to a greater extent than did aerobically starved cells (Fig. 9) . However, the rate of RNA degradation during starvation was unaffected by light.
An 18% increase in the DNA content of cells occurred during the first 2 days of aerobic starvation (data not shown). The levels of DNA remained nearly constant thereafter. After 10.5 days, when less than 5% of the cells were viable, 110 to 113% of the initial DNA remained. By contrast, DNA was degraded from the onset of starvation anaerobically, and after 7 days only 62% of the initial DNA remained. Nearly all the cells were nonviable after 2 days of starvation anaerobically.
The absorbance of cell suspensions decreased in parallel with the overall decrease in cell macromolecules (Fig. 10) (28) reported that a major part of the respiratory pathways of phototrophically and chemotrophically grown cells is identical, and the capacity for oxidative phosphorylation is similar in both types of cells.
Light intensities of 1,300 to 10,760 Ix, which normally support maximal growth rates of R. rubrum (12) , were quite lethal to phototrophically grown cells starving anaerobically (Fig. 1) The viability half-lives of starving R. rubrum correlated favorably with the overall rate of loss of cell mass of both phototrophically and chemotrophically grown cells (Fig. 2, 5, 7, and 10 ). The faster cell mass was lost, the shorter were the survival times. However, the ultimate death of starving celLs could not be directly attributed to degradation of any one particular cell constituent. Although greater viability was observed for cells containing large amounts of carbohydrate relative to PHB (Table 2 ; Fig. 2 and 6 ), the net rate and extent of carbohydrate degradation appeared unrelated to viability. For example, half of the carbohydrate content of phototrophically grown cells starved under anaerobic light and aerobic light conditions was depleted at 11.5 and 2 days, respectively, yet the half-life survival times of the cells differed by only 2.5 days (Fig. 2 and 3) .
Net protein degradation was not extensive in either the phototrophically or chemotrophically grown starving cells (Fig. 4 and 9 ). These cells contained either carbohydrate or PHB or both as reserve materials. Experiments with other bacteria (1, 8, 23, 26) have shown that degradation of non-nitrogenous polymers suppresses net protein degradation by starving cells. About 20 to 30% of the initial content of RNA was degraded during starvation. This magnitude is similar to, but slightly lower than, that observed in other bacteria (1, 7) . Although the products of RNA degradation were not determined, the high 260/280-nm ratios of extracellular fluids suggested that some purine and/or pyrimidine bases were excreted.
Starving cells of chemotrophic bacteria meet the demands for maintenance energy at the cost of degrading intracellular substrates. Yet in theory, radiant energy could supply the entire maintenance requirement of starving, phototrophically grown cells of R. rubrum, and the cells should survive indefinitely. The cells do not, however, survive indefinitely, and although illumination suppresses the degradation of cell material, it does not do so completely. The cause of death of phototrophic cells starving in the light is not apparent. Death could result from one or a combination of events such as loss of functional integrity ofthe photophosphorylation system, the inherent thermodynamic instability of cell constituents that cannot be resynthesized during starvation, or photochemical events.
